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E-mail address: bernd.nidetzky@tugraz.at (B. NideMutants of Leuconostoc mesenteroides sucrose phosphorylase having active-site Phe52 replaced by
Ala (F52A) or Asn (F52N) were characterized by free energy proﬁle analysis for catalytic glucosyl
transfer from sucrose to phosphate. Despite large destabilization (P3.5 kcal/mol) of the transition
states for enzyme glucosylation and deglucosylation in both mutants as compared to wild-type,
the relative stability of the glucosyl enzyme intermediate was weakly affected by substitution of
Phe52. In reverse reaction where fructose becomes glucocylated, ‘‘error hydrolysis’’ was the prepon-
derant path of breakdown of the covalent intermediate of F52A and F52N. It is proposed, therefore,
that Phe52 facilitates reaction of the phosphorylase through (1) positioning of the transferred gluco-
syl moiety at the catalytic subsite and (2) strong cation-p stabilization of the oxocarbenium ion-like
transition states ﬂanking the covalent enzyme intermediate.
 2011 Federation of European Biochemical Societies. Published by Elsevier B.V. All rights reserved.1. Introduction
Recognition of carbohydrates by proteins often involves
p-interactions from aromatic side chains of Phe, Tyr, and Trp.
Aromatic rings undergo stacking with pyranoses and furanoses
whereby their p-electron cloud interacts with aliphatic protons
of the sugar ring [1–4]. The resulting interaction energies were
reported to vary between 0.5 and 0.8 kcal/mol, depending on
the nature of the aromatic ring and the carbohydrate [5]. Not
surprisingly, therefore, carbohydrate-p interactions are widely
utilized by glycoside hydrolases (e.g. [6,7]), glycosyltransferases
(e.g. [8–10]) and carbohydrate-binding modules [11,12] to achieve
recognition and speciﬁcity for their natural substrates. A striking
commonality among the diverse families of glycoside hydrolases
is the occurrence of a family-speciﬁc hydrophobic motif in their
catalytic subsites. This motif usually consists of one or more aro-
matic residues and is found irrespective of whether the glycosidechemical Societies. Published by E
te; Glc1F, a-D-glucopyranosyl
); BaSPase, Biﬁdobacterium
s SPase
tzky).hydrolase utilizes an a or b-conﬁgured pyranosyl substrate and
hydrolyzes it with retention or inversion of anomeric conﬁguration
[13]. Its proposed role in catalysis is to aid in the conformational
itinerary of the glycopyranoside upon moving from the ground
state (e.g. 4C1 chair) to the oxocarbenium ion-like transition state
(e.g. 4H3 half-chair). Non-polar contacts with the hydrophobic
C4–C5-hydroxymethyl moiety of the glycopyranoside that become
tightened in the transition state are believed to be the source of the
catalytic facilitation provided. In addition to this conformational
stabilization derived from carbohydrate-p interactions, there is
the interesting question if aromatic side chains contributed to
the catalytic subsite might also be important for electrostatic stabil-
ization of the transition state of the glycoside hydrolase reaction.
Family GH-13 constitutes a large group of retaining hydrolases
and transglycosidases that act on a-O-glycosidic substrates such as
starch and sucrose [14]. Its members contain a special aromatic
motif (Fig. 1; [15–21]) where a highly conserved Phe/Tyr is posi-
tioned at the B-face of the glucopyranosyl ring bound in the cata-
lytic subsite. Sucrose phosphorylase (from Leuconostoc
mesenteroides; LmSPase) was chosen for examining with site-direc-
ted mutagenesis the function of the relevant aromatic residue
(Phe52) in the catalytic mechanism. Note: the aromatic motif in
Fig. 1 must be distinguished from the likewise present hydrophobiclsevier B.V. All rights reserved.
Fig. 1. The aromatic motif at the catalytic subsite of selected glucoside hydrolases and transglucosidases from family GH-13, revealed by Phe/Tyr residue conservation in both
sequence (A) and three-dimensional structure (B and C). Panel B shows relevant interactions with the glucopyranosyl moiety of sucrose in the catalytic subsite of B.
adolescentis sucrose phosphorylase (BaSPase). Note: Phe52 of LmSPase is homologous to the shown Phe53 of BaSPase. Panel C is a structural overlay of the corresponding
catalytic subsite parts of BaSPase (2GDU; black), N. polysaccharea amylosucrase (1JGI; green) and Klebsiella sp. isomaltulose synthase (1M53; red).
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that is not considered herein. LmSPase belongs to a particular
group of transglycosidases within family GH-13 that promote
reversible glucosyl transfer from sucrose to phosphate (Pi), yielding
a-D-glucopyranosyl phosphate (Glc1P) and D-fructose as products
[22]. Like in other GH-13 enzymes [23–26], catalytic reaction of
LmSPase involves formation (glucosylation) and breakdown
(deglucosylation) of a covalent b-glucosyl enzyme intermediate
[27]. The proposed role of Phe52 involves stabilization, by strong
cation-p interactions, of the oxocarbenium ion-like transition
states leading to and from the glucosylated enzyme.
2. Materials and methods
Materials used have been described elsewhere [22]. a-D-Gluco-
pyranosyl ﬂuoride (Glc1F) was prepared by Zemplen deprotection
from 2,3,4,6-tetra-O-a-D-glucopyranosyl ﬂuoride that was ob-
tained from TCI Europe.
2.1. Site-directed mutagenesis and enzyme preparation
Mutations resulting in substitution of Phe52 by Ala (F52A) or
Asn (F52N) were introduced using a reported two-stage PCR
protocol [28] in which a pQE30 expression vector encoding wild-
type LmSPase was used as template [22]. Oligonucleotide primers
and details of conditions used for PCR are summarized in
Supplementary data. For expression, we subcloned native andmutated genes, via BamHI and PstI restriction sites, from pQE30
into pASK-IBA7+ (IBA GmbH). The pASK-IBA7+ constructs intro-
duce Strep-tag II at the N-terminus of each enzyme. The new tag
(8 amino acids) is comparable in length to the previously used
His-tag (11 amino acid), which however did not facilitate protein
isolation [22]. All inserts were conﬁrmed by sequencing in sense
and antisense directions. Escherichia coli Top10 cells harboring
pASK-IBA7+ construct were cultivated under standard conditions
(Supplementary data) using induction with 200 lg/l anhydrotetra-
cycline (6 h, 25 C). Crude cell extract was prepared with a French
press and protein was puriﬁed using chromatography on a Strep-
Tactin Superﬂow column (bed volume 5 ml) (for details, see the
Supplementary data). Puriﬁcation was monitored by SDS–PAGE.
2.2. Assays
Enzyme activity in direction of phosphorolysis of sucrose was
determined at 30 C using a continuous coupled enzymatic assay
with phosphoglucomutase and glucose-6-phosphate dehydroge-
nase [22]. Protein concentration was measured with the BioRad
dye-binding method referenced against BSA. Glucose was deter-
mined using an assay with hexokinase and glucose-6-phosphate
dehydrogenase [22]. Glucose in the presence of fructose was deter-
mined using an assay with glucose oxidase and peroxidase [29].
Glc1P was assayed using phosphoglucomutase and glucose-6-
phosphate dehydrogenase [22]. Phosphate was determined colori-
metrically at 850 nm [22]. Other analytical methods (NMR, HPLC)
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Supplementary data.
2.3. Initial-rate studies and steady-state kinetic analysis
Reactions were performed at 30 C in 50 mM MES buffer, pH
7.0, and monitored by product formation (phosphorolysis: Glc1P;
synthesis: Pi) in discontinuous assays. The typical concentration
of wild-type LmSPase was 0.001 mg/ml, that of F52A and F52N
was 0.3 mg/ml. Initial-rate measurements were done under condi-
tions in which conversion of limiting substrate was less than 5%
and increase in product concentration was linearly dependent on
incubation time. Glucosyl donor and acceptor concentrations were
varied in a suitable range, depending on the enzyme used: sucrose
(0.01–800 mM), Pi (0.01–250 mM), Glc1P (0.01–250 mM), fructose
(0.01–800 mM), Glc1F (0.1–250 mM). Control reactions lacking the
enzyme or one of the substrates were performed, and enzymatic
initial rates were corrected as required. Kinetic parameters (Vmax,
Km) were obtained from non-linear ﬁts of data to the Michaelis–
Menten equation. When enzyme was not saturable with substrate
and independent determination of Vmax and Km therefore not pos-
sible, Vmax/Km was obtained from data acquired under substrate-
limited reaction conditions where the rate increases in linear
dependence on substrate concentration. The catalytic constant
was calculated from the relationship kcat = Vmax/E where E is the
molar enzyme concentration based on a molecular mass of
59 kDa for the LmSPase subunit.
2.4. Construction of free energy proﬁles
A 1-M standard state was assumed for all reactants. Tempera-
ture (T) was 303.15 K. Keq_kin and Keq_therm are kinetic and thermo-
dynamic expressions of the equilibrium constant for the
phosphorylase reaction (Eq. (1)) at pH 7.0.
Sucroseþ phosphate$ Glc1Pþ fructose ð1ÞTable 1
Kinetic parameters in phosphorolysis and synthesis direction catalyzed by wild-type LmS
Reaction
Phosphorolysis of sucrose
Glucosylation from sucrose1 kcat [s1]
Km [mM1]
kcat/Km [s1 mM1]
Deglucosylation by phosphate2 kcat [s1]
Km [mM1]
kcat/Km [s1 mM1]
Synthesis of sucrose
Glucosylation from Glc1P3 kcat [s1]
Km [mM1]
kcat/Km [s1 mM1]
Deglucosylation by fructose4 kcat [s1]
Km [mM1]
kcat/Km [s1 mM1]
kcatH
5 [s1]
Phosphorolysis of Glc1F
Glucosylation from Glc1F6 kcat [s1]
Km [mM1]
kcat/Km [s1 mM1]
The S.D. for kcat and kcat/Km was equal or smaller than 3.5% and 14% of the reported
parenthesis were calculated with the Haldane relationship, assuming a value of 9 for Ke
1 Sucrose was varied at 14 levels between 0.01 and 120 mM for the wild-type enzyme.
was constant at 50 mM.
2 Phosphate concentration was varied at 17 levels between 0.01 and 140 mM for the w
250 mM. Sucrose was constant at 500 mM.
3 Glc1P was varied at 12 levels between 0.5 and 250 mM for the wild-type enzyme. Fo
varied at 16 levels between 0.01 and 250 mM. Fructose was constant at 100 mM.
4 Fructose was varied at 12 levels between 1 and 200 mM. Glc1P was constant at 100
5 Hydrolysis of Glc1P was determined under conditions when no fructose was presen
6 Glc1F was varied at 14 levels between 0.1 and 250 mM for both wild-type enzymeKeq_therm was determined from a series (N = 9) of phosphorolysis
experiments that used different initial concentrations of sucrose
(0.05–0.5 M) and phosphate (0.05–0.5 M) dissolved in 50 mM
MES buffer, pH 7.0. The concentration of Glc1P at apparent equilib-
rium was measured, and Keq_therm was calculated according to Eq.
(1). A value of 9 (±61%) was obtained. Gibbs free energies (DG)
were calculated using Eqs. (2) and (3) where R is gas constant
(8.314 J/(mol K)), k is the Boltzmann constant (1.38  1023 J/K)
and h is the Planck constant (6.626  1034 Js). DGeq and DG# are
equilibrium and transition-state energies, respectively.
DGeq ¼ RT In Keq kin ð2Þ
DG# ¼ RT InðkBT=hÞ  RT Inðkcat=KmÞ ð3Þ
Eq. (4) was used to calculate the Gibbs free energy for the cova-
lent intermediate where kcat/Km (Pi) and kcat/Km (Glc1P) are cata-
lytic efﬁciencies for Pi and Glc1P, respectively.
DGint ¼ DGeq þ RT In½kcat=KmðPiÞ=kcat=KmðGlc1PÞ ð4Þ3. Results and discussion
Strep-tagged phosphorylases were puriﬁed to apparent electro-
phoretic homogeneity in a single step of afﬁnity chromatography
(Supplementary Fig. 1). Protein isolation was therefore made much
simpler than it was when working with His-tagged LmSPase that
needed to be puriﬁed through a multiple-step procedure [27]. Ki-
netic parameters for phosphorolysis and synthesis of sucrose by
the Strep-tagged form of wild-type LmSPase are summarized in
Table 1. Although the numbers are not identical to those reported
in earlier work using the His-tagged enzyme [30], it is clear that
exchange of the N-terminal tag went along with useful retention
of the known kinetic properties of wild-type LmSPase. However,
data for the wild-type enzyme are required as reference for analy-
sis of kinetic consequences in LmSPase mutants that also harbor
Strep-tag II.Pase and Phe52 mutants thereof.
Wild-type F52A F52N
117
9.8
12
n.a.
n.a.
2.3  103
n.a
n.a.
3.0  103
145
6.0
24
3.3a
46
7.2  102 b
3.1c
42
7.4  102 d
39
4.7
8.3
9.8  103
0.4
2.5  102
3.5  102
18
1.9  103
47
13
3.7
1.5
n.a.
n.a.
(7.1  104)e
4.4  103
n.a.
n.a.
(1.3  102)e
3.4  103
121
22
5.5
n.a.
n.a.
3.3  103
n.a.
n.a.
4.3  103
values, respectively, with the exception of a22%, b31%, c19%, d29%. eThe values in
q_kin.
For the mutants, sucrose was varied at 10 levels between 5 and 800 mM. Phosphate
ild-type enzyme. For the mutants, phosphate was varied at 11 levels between 1 and
r F52A, Glc1P was varied at 10 levels between 0.01 and 10 mM. For F52N, Glc1P was
mM.
t. Glc1P was used at 50 mM.
and mutants. Phosphate was constant at 50 mM.
Fig. 2. Standard free energy proﬁle for phosphorolysis of sucrose catalyzed by wild-
type LmSPase (black), F52A (red), and F52N (green) at 30 C and pH 7.0. TS,
transition state.
502 P. Wildberger et al. / FEBS Letters 585 (2011) 499–5043.1. Kinetic consequences of substitution of Phe52 in LmSPase
Puriﬁed preparations of F52A and F52N showed speciﬁc activi-
ties for phosphorolysis of sucrose under standard assay conditions
(50 mM of each sucrose and Pi) that were 221- (F52A) and 145-fold
(F52N) below the wild-type level of 98 U/mg, suggesting that Phe52
has an important role for substrate binding and/or catalysis by
LmSPase. Kinetic parameters of the two mutants were determined
for each direction of enzymatic glucosyl transfer, and the results
are shown in Table 1. The phosphorolysis rate of both F52A and
F52N showed a linear dependence on the sucrose concentration
up to a level of 800 mM, indicating that Km for this substrate was
dramatically increased in the mutants, substantially more than
80-fold (= 800/10) as compared to the Km for the wild-type
enzyme, and that it was raised to a value far outside of the
experimental range. Expressed in kcat/Km terms, F52A was about
5200-fold and F52N was about 4000-fold less efﬁcient than the
wild-type enzyme.
Using Pi as varied substratewhen the sucrose level was constant,
the Km value for Pi of both mutants was about 8-times higher than
the wild-type Km. The phosphorolysis rate of each mutant showed
substrate inhibition by Pi, the corresponding inhibition constant
KiS being 66 mM for F52A and 87 mM for F52N. The catalytic efﬁ-
ciency of the two mutants was decreased about 330-fold as com-
pared to kcat/Km (Pi) of the wild-type enzyme. The effect of
substitution of Phe52 on kinetic parameters for the synthesis direc-
tion was interesting because it involved a large decrease in both kcat
and kcat/Km (Glc1P) relative to the corresponding parameters of
wild-type LmSPase while at the same time the Km for Glc1P was
onlymoderately changed.We describe later why it was not possible
to determine kinetic parameters of the two mutants for fructose.
3.2. Enzymatic phosphorolysis of Glc1F
Glc1F is a highly active glucosyl donor substrate for wild-type
LmSPase [31]. It was examined here as alternative substrate for
the phosphorolysis reaction catalyzed by the Phe52 mutants. Just
like when sucrose was utilized as glucosyl donor, the phosphorol-
ysis rate of F52A and F52N was linearly dependent on the Glc1F
concentration. In terms of kcat/Km (Table 1), both mutants were
about 1000-fold less active than the wild-type enzyme that em-
ploys Glc1F with an efﬁciency comparable to that for the reaction
with sucrose. Glc1F differs from sucrose with respect to chemical
nature and molecular size of the leaving group, ﬂuoride in contrast
with fructose. Because site-directed substitution of Phe52 had a
similar disruptive effect of comparable magnitude on apparent
binding of both donor substrates, it seems highly unlikely that loss
of stabilizing interactions with the fructose moiety at subsite +1
accounts for the large increase in Km for sucrose in F52A and
F52N as compared to the corresponding Km for wild-type enzyme.
3.3. Free energy proﬁles for reactions of wild-type and mutated
enzymes
Interpretation of kinetic data for F52A and F25N is done on the
basis of the Ping-pong bi-bi kinetic mechanism of wild-type
LmSPase [31]. Therefore, kcat/Km for donor and acceptor substrate
represents formation and breakdown of the glucosyl enzyme
intermediate, respectively. Because limitation in acceptor sub-
strate results in accumulation of a high steady-state concentration
of glucosylated enzyme irrespective of the saturation level of donor
substrate, kcat/Km of F52A and F52N for Pi are useful despite the
very high Km for sucrose. The ratio of kcat/Km for sucrose and fruc-
tose is the equilibrium constant of enzyme glucosylation from su-
crose (Keq_glu). The ratio of kcat/Km for Pi and Glc1P is the
equilibrium constant for enzyme deglucosylation by Pi (Keq_deglu).Data from Table 1 are used to calculate that in the reaction of
the wild-type enzyme, Keq_glu and Keq_deglu have similar values of
3.24 and 2.89, respectively. The kinetic expression (Haldane rela-
tionship) for the overall equilibrium constant (Keq_kin) is Keq_glu 
Keq_deglu and has a value of 9. Keq_kin is validated by useful agree-
ment with an experimentally determined value of 10 for Keq_therm.
The discrepancy between this Keq_therm and the Keq_therm of 44 re-
ported by us in an earlier paper [22] is brought to knowledge.
The source of problem in determination of Keq_therm in the previous
study is not known.
Free energy proﬁles were constructed by applying kinetic data
in Table 1 to Eqs. (2)–(4), and results are displayed in Fig. 2. Substi-
tution of Phe52 caused a large destabilization of the transition state
for enzyme glucosylation by sucrose (DDG#  +5 kcal/mol). This
destabilization was uniform among the two mutants. The transi-
tion state for glucosylation by Glc1P was destabilized by
+3.5 kcal/mol in F52A and even more so ( +5 kcal/mol) in F52N.
Interestingly, therefore, the stability of the covalent intermediate
was not affected (F52A) or only slightly decreased (F52N;
1.6 kcal/mol) in the mutants as compared to wild-type enzyme.
We are not aware of studies that have measured the thermody-
namic stability of covalent reaction intermediates in glycoside
hydrolases and transglycosidases of family GH-13. We therefore
believe that Fig. 2 could be of a general interest in this respect. It
is also worth pointing out that glucosylation of the wild-type en-
zyme by sucrose is thermodynamically favored whereas ‘‘reverse’’
glucosylation from Glc1P must proceed energetically uphill.
The results in Fig. 2 support the suggestion that stabilization by
Phe52 is selective for the transition states of the reaction catalyzed
by LmSPase. Cation-p interactions between the aromatic ring of
the Phe and the glucopyranosyl oxocarbenium ion-like species that
is thought to be formed in each transition state [31] are the prob-
able source of this stabilization. Both the distance of about 4.6 Å
between the interacting groups (Fig. 1) and the apparent amount
of stabilization energy derived from the proposed interaction
(Fig. 2) would be in useful agreement with literature on geometri-
cal and energetic features of the cation-p interaction [32–35].
However, interpretation of kinetic consequences resulting from
site-directed substitutions of Phe52 in terms of loss of local interac-
tion energy must be made with caution. It is crucial to consider the
possibility of a proximally disruptive effect of the Phe52 replace-
ment, on interactions of the nearby Asp49 with the transferred
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data for Biﬁdobacterium adolescentis SPase (BaSPase) [21,23] reveal
that Phe52 andAsp49 (LmSPase numbering) aswell as the entire loop
containing the two residues are almost perfectly superimposed in a
structural overlay of the catalytic subsites in free, sucrose-bound
and glucosylated enzyme forms (Supplementary Fig. 3). The posi-
tions of Asp50 and Phe52 are further stabilized by a turn structure
that involves residues 49–52 (Fig. 1B). We therefore believe that
effects of substitution of Phe52 on catalytic function of LmSPase
are predominantly due to a local structural disruption.
3.4. ‘‘Error hydrolysis’’ during glucosyl transfer to fructose
When F52A or F52N was assayed in direction of synthesis of su-
crose, it was found that the initial rate of Pi release was hardly
changed from ‘‘background level’’ (50 mM Glc1P, no fructose) upon
the addition of fructose in concentrations ranging from 10 lM to
800 mM. We therefore used NMR and HPLC to analyze samples
that were taken from a 72 h-long synthesis reaction (20 mM Glc1P,
100 mM fructose) catalyzed by the two mutants. Despite substan-
tial conversion of Glc1P (F52A: 85%; F52N: 66%), sucrose was pro-
duced in very low amounts (F52A: 1.5 mM; F52N: 4.5 mM). The
analysis also revealed that donor substrate utilization by the two
mutants was mainly via hydrolysis. Luley-Goedl and Nidetzky
[36] have determined a partition coefﬁcient of 36.4 M1 for reac-
tion of the b-glucosyl enzyme intermediate of wild-type LmSPase
with fructose and water. Observations for F52A and F52N imply
that the analogous partition coefﬁcient for the mutants must have
been decreased dramatically as result of substitution of Phe52.
Using data in Table 1 we can apply the Haldane relationship,
Keq_glu  Keq_deglu = Keq_therm, to estimate that kcat/Km for fructose
is on the order of 7  104 mM1s1 (F52A) and 1  102 mM1s1
(F52N). When we now calculate the ratio of kcat/Km (fructose) and
the kcat for hydrolysis of Glc1P (kcatH, Table 1), partition coefﬁcients
of 161 M1 and 3800 M1 are obtained for F52A and F52N, respec-
tively. The analogously calculated partition coefﬁcient for the wild-
type enzyme is 2467 M1, differing from the experimentally deter-
mined partition coefﬁcient [36] by almost two orders of magni-
tude. A tentative explanation for this discrepancy is that
hydrolysis of glucosylated LmSPase can take place from a complex
of the enzyme intermediate and fructose, and this hydrolysis is
substantially (P102-fold) faster than hydrolysis of the intermedi-
ate under conditions when no fructose is present (kcatH). Note:
fructose could bind to glucosylated LmSPase in several of its differ-
ent conformations (e.g. a/b-furanose; a/b-pyranose) in aqueous
solution. It is speculative but certainly possible that enzyme com-
plexes with fructose unable to form sucrose might show enhanced
tendency towards hydrolysis. The change in enzyme selectivity for
reaction with fructose as compared to reaction with water that re-
sults from substitution of Phe52 and is clearly observable in the
synthesis experiments described above would thus be determined
by altered reactivity of the complex between glucosylated enzyme
and fructose for undergoing conversion via transfer to acceptor or
hydrolysis. It would not be determined by competition between
mutually exclusive nucleophiles, that is, fructose and water, for
binding to the enzyme intermediate.
We also examined if hydrolysis was a relevant side reaction
during phosphorolysis of sucrose by the two mutants. However,
like wild-type LmSPase, both F52A and F52N did not produce glu-
cose within limits of error as long as Pi was present in the reaction
mixture. Therefore, these ﬁndings imply that substitution of Phe52
was selective in opening up competition from reaction with water
during enzyme deglucosylation to fructose as compared to enzyme
deglucosylation to Pi. Aromatic interactions from Phe52 appear to
be required for precise positioning of the transferred glucosyl moi-
ety such that productive nucleophile attack from fructose can takeplace and ‘‘error hydrolysis’’ is suppressed effectively. Reaction
with Pi may not be dependent on similar positioning effects from
Phe52 or the binding of Pi could prevent nucleophilic water from
entering the active site.
4. Conclusions
Aromatic interactions from Phe52 in the catalytic subsite of
LmSPase facilitate enzymatic catalysis of reversible phosphorolysis
of sucrose in two different ways. Each of the two oxocarbenium
ion-like transition states leading to and from the b-glucosyl en-
zyme intermediate appears to recruit a large amount of stabiliza-
tion from cation-p interaction with Phe52. Making the error of
reacting with water instead of reacting with fructose becomes
strongly favored upon replacement of Phe52. We therefore suggest
that uncharged p interaction with the b-glucosyl moiety of the
covalent enzyme intermediate contribute to precise positioning
of the transferred glucosyl residue relative to fructose acceptor,
thereby reducing possible interception from water. There is a high
degree of conservation for the aromatic motif at the subsites 1 of
various glycoside hydrolases and transglycosidases of family GH-
13 (Fig. 1). Stabilization of oxocarbenium ion-like transition states
by cation-p interactions could therefore be a common theme of
catalysis by the members of this family. Several other enzymes
[10,37–41], among them glycosyltransferases [8,10] that show sig-
niﬁcant mechanistic analogy to glycoside hydrolases [42], have
been proposed to stabilize (partial) positive charges in intermedi-
ates or transition states of their reaction, by up to 4 kcal/mol
[37], with the help of p bonding interactions.
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